ORIGINAL ARTICLE PURPOSE We aimed to evaluate the outcomes of coil embolization of true visceral artery aneurysms by three-dimensional contrast-enhanced magnetic resonance (MR) angiography.
RESULTS
Complete aneurysmal occlusion was determined in 22 patients (96%) on follow-up MR angiography (mean follow-up period, 18 months). Neck recanalization, which was observed at nine and 20 months after embolization, was confirmed in one of eight patients (13%) using a neck preservation technique. In this patient, a small neck recanalization covered by a coil mass was demonstrated. The complete hemodynamic status after embolization was determined in 21 patients (91%); the visualization of several collateral vessels, such as short gastric arteries, after parent artery occlusion was poor compared with that seen on digital subtraction angiography in the remaining two patients (9%). An asymptomatic localized splenic infarction was confirmed in one patient (4%).
CONCLUSION
Our study presents the follow-up results from three-dimensional contrast-enhanced MR angiography, which confirmed neck recanalization, the approximate hemodynamic status, and complications. This effective and less invasive method may be suitable for serial follow-up after coil embolization of true visceral aneurysms.
T rue visceral artery aneurysms are a rare and uncommon form of vascular disease often found incidentally in 0.09% to 2% of the general population (1) (2) (3) . However, these true aneurysms have an incidence of rupture and mortality rate of 20% to 75% due to life-threatening hemorrhage (4, 5) . Aneurysms can be saccular or fusiform. Endovascular treatment of true visceral artery aneurysms using coil embolization has been reported as an invasive and effective procedure to prevent rupture (6) .
Various modalities have been used as follow-up evaluation methods after coil embolization of visceral artery aneurysms, including computed tomography (CT), magnetic resonance (MR) angiography, ultrasonography (US), and digital subtraction angiography (DSA) (6, 7) . However, specific methods and the ideal follow-up times after coil embolization of visceral artery aneurysms are not well established. Coil embolization of visceral artery aneurysms occasionally result in neck recanalization, growth of a residual aneurysm neck or body remnant, organ infarction, and coil migration (7) (8) (9) . In particular, one group reported that neck recanalization was effectively followed up by three-dimensional (3D) contrast-enhanced MR angiography (CEMR angiography) (8) .
The aim of the present study was to evaluate the outcomes of coil embolization of true visceral artery aneurysms and to assess the role of 3D CEMR angiography as a follow-up method.
Materials and methods

Patients
CEMR angiography was performed after coil embolization of true visceral artery aneurysms. This retrospective study was approved by the review board of our institution, and written informed consent was obtained from each patient or a corresponding family member prior to coil embolization.
Twenty-three patients (male, 13; female, 10; mean age, 60 years; age range, 28-83 years) with true visceral aneurysms were treated between February 2006 and September 2012. Aneurysms in all patients were diagnosed with either CT or US. Indications for treating true aneurysms were determined based on a previous study (10) and included aneurysms measuring 1.5 to 2 cm in diameter, symptoms attributable to aneurysms, an increasing aneurysm size, and childbearing age. Aneurysms were localized within the splenic artery (n=15), hepatic artery (n=2), gastroduodenal artery (n=2), celiac artery (n=2), inferior pancreaticoduodenal artery (n=1), and right gastroepiploic artery (n=1) (Table) . Aneurysms were saccular (n=21) or fusiform (n=2) ( ral thrombus was observed in only one patient (Patient no: 21) (Table) .
Coil embolization technique
Preoperative 3D CT angiography was performed to evaluate the size and form (with or without mural thrombus) of aneurysms. Coil embolizations were performed using the common femoral artery approach. Following regional local anesthesia around the common femoral artery, a puncture was created using the Seldinger technique. Systemic heparinization was then performed after placement of the arterial introducer sheath according to our embolization protocol. Heparin (3000 IU) was administered as an intravenous bolus injection followed by an additional 1000 IU every hour. The location and form of the aneurysm was determined by DSA using a 4 F or 5 F diagnostic catheter with rotational angiographic acquisition, and selective arterial injection was performed using a flat panel angiography system (Innova 4100, GE Healthcare, Milwaukee, Wisconsin, USA). A 2 F microcatheter (Excelsior 1018, Boston Scientific, Natick, Massachusetts, USA) was inserted into the aneurysm sac or parent artery of the aneurysm using the coaxial technique. Coil embolization was performed by three qualified physicians, each with at least six years of experience performing coil embolizations with Guglielmi detachable coils (GDC, Boston Scientific), interlocking detachable coils (IDC, Boston Scientific), and/or another detachable coil (Cerecyte, Micrus Endovascular, San Jose, California, USA). Selective exclusion of the arterial lesion with microcoils deployed across the neck into the sac of the aneurysm (coil packing) to preserve the parent arterial circulation with or without the use of the neck preservation technique (neck remodeling technique) was achieved in eight patients (Fig. 1 ). In the remaining 15 patients, the parent arterial circulation (e.g., isolation technique at sites both distal and proximal to the aneurysm embolization) was occluded because the aneurysms had a broad neck and were fusiform, and no organ infarctions were observed by angiography 
(Figs. 2-4)
. Angiographic results of coil embolization were obtained in all patients who had complete aneurysmal occlusion and no complications (e.g., organ infarction).
Follow-up MRI methods and techniques
We used 3D CEMR angiography to evaluate all patients after coil embolization. Follow-up imaging was conducted with either a 1.5 Tesla (T) magnetic resonance imaging (MRI) system (n=4) (Magnetom Symphony Siemens Medical Solutions, Erlangen, Germany) or a 3 T MRI system (n=19) (Signa HDxt, GE Healthcare). Follow-up examinations were performed using 3 T MRI after April 2007. The first follow-up CEMR angiography examination was conducted three months after embolization, the second was conducted six months after the first follow-up, and the third was conducted one year after the second follow-up. That is, CEMR angiography was conducted at approximately three, nine, and 21 months after the initial embolization. However, CEMR angiography was performed every six months if abnormal findings were detected during any of the follow-up tests.
T MRI: image acquisition system, technique, and parameters
The 3D CEMR angiography imaging was performed on a 1.5 T MRI scanner using generalized autocalibrating partially parallel acquisitions and a sensitivity encoding body array coil with a six-coil element. Imaging was performed using a coronal 3D volumetric interpolated breath-hold examination (TR, 4.6 ms; TE, 1.5 ms; flip angle, 25°; slice thickness, 2.5 mm; field of view (FOV), 320×350 mm; matrix, 160×384; SENSE factor, 2). Data were acquired with a voxel size of 2×0.9×2.5 mm, and images were reconstructed with a voxel size of 1×0.45×2.5 mm through inplane zero-filling interpolation.
T MRI: Image acquisition system, technique, and parameters
The 3D CEMR angiography imaging was performed on a 3 T MRI scanner using an array spatial sensitivity encoding technique and a sensitivity encoding cardiac coil with an eight-coil element. The imaging was performed with axial 3D breath-hold liver acquisition with volume acceleration (TR, 3.3 ms; TE, 1.5 ms; TI, 5 ms; flip angle, 12°; slice thickness, 2 mm; FOV, 320×380 mm; matrix, 192×320; acceleration factor, 2). Data were acquired with a voxel size of 1.7×1.2×2 mm, and images were reconstructed with a voxel size of 0.625×0.74×2 mm by in-plane zero-filling interpolation.
The breath-hold time for acquisition was 25 s for both 1.5 and 3 T MRI. Gadodiamide contrast agent (Omniscan, Daiichi Sankyo, Tokyo, Japan) was injected into a dorsal hand vein at 0.1 mmol/kg body weight (2 mL/s) for a dynamic study with an automatic infusion system (Sonic Shot GX, Nemoto Kyorindo Co., Ltd., Tokyo, Japan). A saline flush (30 mL) was also performed.
CEMR angiography image analysis
CEMR angiography image analysis was performed on a 3D workstation (Advantage Workstation, version 4.6, GE Healthcare) using subtracted source images to obtain multiplanar reformatted, maximum-intensity projection. Two interventional radiologists (M.K., A.K.) with more than six and fifteen years of experience, retrospectively analyzed the anonymized image data in a three-stage procedure. This was conducted by a side-by-side comparison with coil embolization on DSA. First, source images and 3D maximum intensity projections were evaluated for aneurysm occlusion according to Roy's classification (class 1, complete occlusion; class 2, residual/recurrent neck; and class 3, residual/recurrent aneurysm) (11) . Second, the hemodynamic status, such as the collateral and parent arterial circulation status, was evaluated. Third, post-coil embolization-related complications were evaluated (e.g., organ ischemic changes). Major and 
Results
Twenty-three patients with true visceral artery aneurysms were evaluated by CEMR angiography (source images included) after coil embolization; no prominent metallic artifacts were found (Figs. 1-4) . The interval between coil embolization and the follow-up CEMR angiography examination was 3-25 months (mean, 18 months) (Table) .
A small neck recanalization (class 3) was observed in one of eight patients (13%) using a neck preservation technique by CEMR angiography. In one patient, complete aneurysm occlusion at three months after embolization was observed; however, neck recanalization was observed between nine and 20 months after embolization (Fig. 1) . Re-embolization was not performed in this patient given the small neck recanalization at nine and 20 months post-treatment; follow-up was recommended for this particular patient. The remaining seven patients using a neck preservation technique and all patients treated by parent artery occlusion (n=15) showed complete occlusion (class 1) at follow-up.
The hemodynamic status following embolization was determined in 21 patients (91%) by CEMR angiography; there were no prominent metallic artifacts (Figs. 2-4) . The visualization of several small collateral vessels (short gastric arteries, pancreatic arteries, and omental arteries) after parent artery occlusion was poor compared with DSA visualization in the remaining two patients (9%) (Fig. 3) . Excellent visualization of the parent artery was achieved in all patients using a neck preservation technique during the follow-up period (Fig. 1) .
We also confirmed an asymptomatic localized splenic infarction at three months after embolization in one patient (4%); however, this was diagnosed as class A and thus required no therapy. No other additional complications were observed in any of the patients.
Discussion
Follow-up protocols after embolization are not yet well established and are inconsistent among previous reports. Methods for follow-up imaging after endovascular treatment of vis- (6, 7, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . In regards to the follow-up imaging modality, CT examination was reported in 13 publications and was thus the most widely used (7, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . In fact, CT was the only follow-up examination method used in nine of these publications (13, 14, 16, (19) (20) (21) (22) (23) (24) . Follow-up outcomes of completely thrombosed aneurysms were reported in 11 publications (6, 13-16, 18-20, 22-24) , 10 of which were evaluated by CT (13-16, 18-20, 22-24 ). At present, there is no CT method that is optimal for follow-up evaluation after endovascular treatment, especially treatments using metallic embolic agents such as microcoils. CT cannot identify complete aneurysm occlusion due to metallic artifacts (15, 19) . Strong artifacts were observed in the patients of this study, making it difficult to evaluate the aneurysm after coil embolization (Fig. 2c) . In other words, neck recanalization/residual flow of the coiled aneurysm may be overlooked.
DSA is often used as an evaluation method after endovascular treatment (7, 15, 19) . However, DSA is an invasive procedure, and follow-up with this method is not optimal. The assessment of aneurysms after coil embolization is further limited by the superimposition of arteries. Neck recanalization/coil compaction of aneurysms after embolization may be partially or totally masked by the radio-opaque coil mass and thereby missed by DSA (25) . For these reasons, DSA was not performed in the follow-up in this study.
Contrast-enhanced US (CEUS) is useful for evaluation after endovascular treatment (26) . CEUS is a low-cost, noninvasive, and safe technique that can evaluate the state of aneurysms after coil embolization using a small amount of contrast agent. However, this imaging technique has some disadvantages. For example, the diagnostic accuracy of CEUS strongly depends on operator experience, body habitus (e.g., obesity), arterial wall calcification, the presence of a coiled aneurysm at a position anterior to the parent artery, and air in the digestive tract.
One study reported the use of MRI for follow-up examination, but did not disclose the details of the image b a acquisition techniques or evaluation methods used (6) . The present study introduced a 3D CEMR angiography protocol in which pulse sequence parameters were optimized for acquisition time and imaging FOV, and a contrast-enhanced dynamic study was added for evaluation of aneurysms after coil embolization. The imaging FOV of MR angiography is sufficient to assess coiled aneurysms, hemodynamic status, and organ infarction. Detachable microcoils are composed of platinum and are non-ferromagnetic. Therefore, platinum microcoils can generate a small artifact in MRI. However, there were no perceptible artifacts in MRI in this study.
Embolization preserves the parent artery flow with aneurysmal occlusion and thus avoids organ infarction. One disadvantage of this technique is the potential for neck recanalization/ coil compaction (8, 27) . Neck recanalization was observed within the aneurysm neck and coil mesh. The change was considered to be a neck recanalization accompanying coil compaction given the lack of change in aneurysm size at nine months after the initial embolization. An aneurysm with a mural thrombus is regarded as a risk factor for neck recanalization (28) , but a mural thrombus was not observed in this patient. Embolization was performed using a neck preservation technique with a balloon catheter. Therefore, the coiled aneurysm was continuously affected by arterial blood flow. In the present study, we identified neck recanalization/coil compaction in 13% of patients using this technique. Previous studies have reported neck recanalization/coil compaction rates ranging from 2% to 12.5% (7, 15, 17, 19) . These studies involved CT evaluation and reported possibly inaccurate incidence rates for neck recanalization due to metallic coil artifact. Our results showed a slightly higher neck recanalization rate, which can be further improved using CEMR angiography.
Parent artery embolization (i.e., isolation technique) always results in collateral circulation, which is easily detected by DSA, and the hemodynamic status in associated organs can be readily monitored. Observation of collateral circulation is crucial because increased blood flow after embolization results in higher arterial wall stress and may lead to the formation of secondary aneurysms (29) . By carefully observing the collateral circulation after coil embolization, we found a tendency of the collateral circulation path to expand, but with no formation of secondary aneurysms. Follow-up examinations require the evaluation of collateral circulation as well as aneurysm occlusion. In some patients, the collateral circulation was poorly imaged. However, a clear diagnosis was difficult to obtain because the hemodynamics were altered, possibly due to narrow paths and low blood flow, thereby resulting in the loss of collateral flow.
Complications associated with endovascular treatment of visceral artery aneurysms arise from the infarction of an end-organ due to a distal thromboembolic event (e.g., nontarget vessel embolization). Such complications occur in approximately 21%-24% of endovascular treatment cases (7, 17) . Therefore, image assessment is also considered to be an important aspect of follow-up procedures after endovascular treatment.
We speculated that the minimal follow-up period might be longer than nine months, and recommendation of a two-year follow-up period might be ideal if the coil occlusion is stable. If neck recanalization and other controversial clinical complications are observed, follow-up by CEMR angiography is necessary. In addition, the contrast agent used has several disadvantages, including a risk of renal dysfunction and a potential for allergic reactions. Moreover, gadolinium is associated with higher costs. However, 3D CEMR angiography is an accurate and excellent noninvasive technique for the detection of neck recanalization, assessment of hemodynamic status, and identification of complications after coil embolization. In recent years, the utility of unenhanced MR angiography has been reported even in the abdominal region (30, 31) . It is anticipated that this method can be utilized in the future for follow-up after coil embolization of visceral artery aneurysms.
Our study had some limitations worth noting. First, its retrospective nature might have resulted in a selection bias. Furthermore, the follow-up period was relatively short. Second, the MRI and imaging parameters used varied among patients. However, we ensured that patients with 3D CEMR angiography were included in this study. Third, it is difficult to measure the technical outcomes of endovascular treatment, which include coil packing attenuation and the percentage of occlusion. CEMR angiography does not expose the patient to radiation and can thus be used safely for repeated evaluations after embolization.
In conclusion, in the present study we demonstrated that 3D CEMR angiography achieves moderate to high diagnostic performance for the detection of neck recanalization, approximate hemodynamic status, and organ infarction during follow-up evaluation in patients treated by coil embolization. Our findings collectively suggest that follow-up evaluations of true visceral artery aneurysms can be carried out by 3D CEMR angiography after coil embolization.
